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SUMMARY

Complex behaviors depend on the precise developmental specification of neuronal circuits, but the relation-
ship between genetic programs for neural development, circuit structure, and behavioral output is often un-
clear. The central complex (CX) is a conserved sensory-motor integration center in insects, which governs
many higher-order behaviors and largely derives from a small number of type Il neural stem cells (NSCs).
Here, we show that Imp, a conserved IGF-Il mRNA-binding protein expressed in type Il NSCs, plays a role
in specifying essential components of CX olfactory navigation circuitry. We show the following: (1) that mul-
tiple components of olfactory navigation circuitry arise from type Il NSCs. (2) Manipulating Imp expression in
type Il NSCs alters the number and morphology of many of these circuit elements, with the most potent ef-
fects on neurons targeting the ventral layers of the fan-shaped body (FB). (3) Imp regulates the specification
of Tachykinin-expressing ventral FB input neurons. (4) Imp is required in type Il NSCs for establishing proper
morphology of the CX neuropil structures. (5) Loss of Imp in type Il NSCs abolishes upwind orientation to
attractive odor while leaving locomotion and odor-evoked regulation of movement intact. Taken together,
our findings establish that a temporally expressed gene can regulate the expression of a complex behavior
by developmentally regulating the specification of multiple circuit components and provides a first step to-

ward a developmental dissection of the CX and its roles in behavior.

INTRODUCTION

Proper brain function relies on the development of intricate neu-
ral circuits that integrate and store information to generate
meaningful behavior. Developmental defects can cause devas-
tating malformations of brain circuitry in humans, with profound
consequences for learning and behavior."? Conversely, modifi-
cations to developmental genetic programs can underlie the
evolution of more elaborate brain structures and behaviors
from simpler ancestral patterns.®“ However, the relationship be-
tween genetic programs for neural development, neural circuit
structure, and behavioral capabilities is challenging to study in
complex vertebrate brains.

In insects, a conserved brain structure known as the central
complex (CX)>® has been implicated in many higher-order behav-
iors, such as locomotion and navigation,®" action selection,?>2*
steering,”>?® feeding,””*® courtship,”® and sleep.*®” The CX
comprises several conserved structures®®™*" (Figure 1A), including
the ellipsoid body (EB), which houses a global heading representa-
tion,"® and the protocerebral bridge (PB), which broadcasts this
signal to other parts of the CX.***° The function of the fan-shaped
body (FB) is more mysterious, although recent studies have

implicated this region in controlling locomotion,”® computing allo-
centric variables,?®*" and specifying behavioral goals.***® A scaf-
fold of columnar neurons links the different regions of the CX.
Columnar inputs to the FB encode both heading information
derived from the PB and optic flow or airflow information from
the paired noduli (NO).?**” The FB also receives many tangential
inputs that carry information from various parts of the dorsal brain
and encode non-spatial stimuli, such as odors,*® tastants,?® and
internal states.®” Local FB neurons known as hA cells integrate
input from columnar and tangential inputs.*>*® Patterned stimula-
tion of a subset of local neurons can drive reproducible navigation
in an allocentric direction, implying that these neurons may encode
the animal’s goals.**“® Transmission electron microscopy (TEM)
reconstruction of the hemibrain connectome™® has identified 224
morphological and 262 connectivity types in the CX,*® many of
which are primarily conserved in other insects such as bees.*°
The near-crystalline structure of the CX, along with its role in com-
plex behaviors, make it an ideal model for investigating the rela-
tionship between neural development, circuit structure, and
behavior.

Although multiple lineages give rise to the adult CX,>'>° with
anatomically distinct compartments,®*>° the majority of adult
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Figure 1. Overview of central complex structure and development and olfactory navigation behavior and circuitry

(A) Drosophila adult brain central complex (CX) with labeled neuropils, protocereb
paired noduli (blue).

ral bridge (magenta), fan-shaped body (green), ellipsoid body (orange), and the

(B) Type Il NSCs in the larval brain (blue, 8 per lobe: DM1-6 and DL1-2; central brain [CB], ventral nerve cord [VNC], optic lobe [OL]) divide asymmetrically to self-
renew and generate an intermediate neural progenitor (INP) with each division. The INPs also divide asymmetrically to self-renew andgenerate a ganglion mother
cell (GMC), which eventually forms two neurons and/or glia. Type Il NSCs express early and late factors in a time-dependent manner starting from 0 h ALH to 120 h
ALH referred to as early and late factors, respectively. In addition to temporal patterning in NSCs, INPs also express different factors in a birth-order-dependent

manner along with NSC factors and give rise to a combinatorial code.

(C) Schematic of the behavioral assay arena; walking flies are observed in a rectangular chamber (14 cm X 4 cm) with constant flow of wind from one direction at
10 cm/s. Odor is provided in 10 s pulse (1% ACV) centered in a 70 s trial. Flies tend to walk upwind in the presence of odor and show search behavior triggered by

odor loss.*

(D) CX neurons involved in olfactory navigation investigated in this study. Long-field tangential neurons encode odor, and columnar ventral P-FNs encode wind.

Local hAC/K neurons integrate odor and wind.**

Drosophila CX neurons arise from 8 bilateral larval neural stem
cells (NSCs) known as type ||l NSCs (based on their location: dor-
somedial [DM]1-6 and dorsolateral [DL]1-2). In contrast to the
more common type | NSCs, which divide to self-renew and
generate a pair of differentiated neural progeny, type Il NSCs
divide asymmetrically to self-renew and produce an intermediate
neural progenitor (INP).°®>” INPs further divide multiple times to
generate 8-12 progeny”® %2 (Figure 1B). The dual division pattern
of type Il NSCs is shared by the outer radial glia (0RG), stem cells
that generate the primate and human cortex.®**° Intermediate
progenitors have been reported in the human cortex as
well.°4%8 Type lI-like NSCs are also found in grasshoppers and
beetles,*~"? making them evolutionarily conserved progenitors
that generate higher-order brain centers. The CX columnar neu-
rons arise from four bilateral type Il NSCs called DM1-4, whereas
tangential neurons arise from mixed lineages, with a significant
contribution from DL1.5"°°
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To generate diverse classes of neural types over time, type Il
NSCs express sets of temporally regulated transcription factors
and RNA-binding proteins (RBPs).”*>"“ In addition, INPs have
been shown to express different factors in a birth-order-depen-
dent manner that play a role in generating neural identity.”>"® Us-
ing RNA sequencing (RNA-seq) methods, we and others have
identified about a dozen temporally expressed genes in type Il
NSCs.”®"* These factors can be divided into two groups: early
factors detected from 0 to 60 h after larval hatching (ALH) and
late factors from 60 to 120 h ALH (Figure 1B). Early-expressed fac-
tors include the RBPs IGF-Il mMRNA-binding protein (Imp) and Lin-
28, and the transcription factors Chinmo, Seven-up, and Castor.
Late factors include the RBP Syncrip (Syp) and the transcription
factors, ecdysone receptor (EcR), Broad, and ecdysone-induced
protein 93 (E93).73 In addition, extrinsic hormonal signaling via
timely expression of the receptor ECR at ~60 h ALH induces an
early-to-late gene transition in type Il NSCs.”® Opposing gradients
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Table 1. Driver lines used for each neuron class
GAL4/LexA line

Neuron class labeled

VT029515 VFB tangential inputs

VT062617 hAC/K FB local neurons

21D07 FB5AB

15E12/30E10 ventral P-FNs, FB column
inputs

65C03 dFB tangential inputs

12D12 mFB tangential input

25D01 MBONs (MBON-12)

55C09 LH-ONs (LHAd1b2)

38F04 descending neurons

(DNp09)

of Imp and Syp expression have previously been shown to regu-
late the number and morphology of neurons in the CX.”* However,
how these temporally expressed factors contribute to functional
circuit formation and behavior is unknown.

Here, we use an innate goal-oriented behavior —olfactory navi-
gation—and an associated neural circuit to gain insight into how
developmental programs specify neural types and shape circuit
structure to determine behavioral output. When a hungry fly en-
counters an attractive odor, it will turn and increase its velocity up-
wind,*?>"° a conserved behavior observed across many arthro-
pods® (Figure 1C). In a previous study, we implicated several
CX neuron types in this behavior*® (Figure 1D; Table 1). The sen-
sory cues required for this behavior—odor and wind direction—
are encoded by different types of FB inputs. Tangential input neu-
rons (ventral FB [vFB], mid FB [mFB], dorsal FB [dFB], and FB5AB)
innervate different layers of FB and encode odor,*® whereas
columnar input neurons (ventral P-FNs) encode wind direction.*’
A set of local FB neurons labeled by the line VT062617-GAL4 in-
tegrates these cues and is required for persistent upwind tracking
in flies.*® In that study, we identified this line as labeling hAC neu-
rons; however, single-cell clones revealed that this line also labels
hAK neurons, which project to the EB (Figures S1A-S1C). We,
therefore, refer to this population as hAC/K. Here, we show that
all elements of this circuit are derived from type Il NSCs and
that Imp is required for the specification of both tangential and
columnar neurons targeting the vFB. We find that different circuit
elements show distinct requirements for Imp either in NSCs or
post mitotically. Imp knockdown (KD) in type Il NSCs shapes
the gross morphology of the CX and the expression of neuropep-
tides within specific layers of the FB. Finally, we show that manip-
ulating Imp expression in type Il NSCs profoundly impairs olfac-
tory navigation behavior. Collectively, our findings demonstrate
a novel role of Imp in the formation and function of an olfactory
navigation circuit and trace the developmental origins of distinct
components of a behavioral circuit.

RESULTS

Type Il NSCs generate multiple components of an
olfactory navigation circuit

The majority of the neurons populating the adult CX are derived
from 16 larval type Il NSCs®' (schematics shown in Figure 2A).
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We first asked whether previously identified elements of an ol-
factory navigation circuit in the CX arise from these stem cells
and determined their lineage. We used an intersectional genetic
strategy to express GFP in specific neuron classes in a type IlI-
specific manner (genetic scheme shown in Figure 2B). Wor-
GAL4 is expressed in all NSCs, whereas Ase-GAL80, the
repressor for GAL4, is expressed only in type | NSCs, leaving
GAL4 active in only type Il NSCs. Flippase, now expressed
only in type Il NSCs, permanently flips out a stop sequence be-
tween LexAop and GFP, making type Il progeny eligible to ex-
press GFP under LexA control. A neuron-class-specific LexA
can then drive expression of GFP only if those neurons are
derived from type Il NSCs.

Using this strategy, we found that several components of the
CX olfactory navigation circuitry are derived from type Il NSCs.
These include multiple tangential FB inputs that encode odor
(vFB, mFB, and FB5AB), as well as local neurons that integrate
odor and wind information (hAC/K, Figures 2C-2F). We used a
different genetic strategy for two additional neuron classes to
determine their lineage, as we had only GAL4 and not LexA lines
for these classes at the time. This strategy is based on the cell
class lineage intersection (CLIn) transgenic system.®' Here, mul-
tiple flip-out events mediated by Flippase, Cre, and KD recombi-
nases restrict the clonal analysis to type Il NSCs. The type-II-
specific promoter stg-14 drives the expression of the reporter
A-mCherry in a lineage-specific manner, and a class-specific
GAL4 drives the expression of reporter B-GFP in a type-Il-
dependent manner (genetic scheme shown in Figure 2G). This
analysis showed that two additional components of olfactory
navigation circuitry, an odor-encoding dFB tangential input and
a wind-encoding columnar input (ventral P-FNs), also arise
from type Il NSCs (Figures 2H and 2l). Taken together, our line-
age analysis shows that multiple elements of an olfactory naviga-
tion circuit in the CX arise from type || NSCs.

Mid-aged DL type Il NSCs produce odor-encoding vFB
tangential input neurons

Our lineage analysis revealed that several tangential FB input
neurons are derived from type Il NSCs. We decided to examine
the lineage and birth time of one population of vFB tangential in-
puts more closely. To do this, we used CLIn combined with a
heat-sensitive Flippase, allowing us to determine the birth time
of a specific neuronal class (complete genetic scheme shown
in Figure 3A). Heat shock was given by shifting larvae to 37°C
at different time points ALH (Figure 3B).

The progeny of DL1 NSCs have been earlier reported to inner-
vate the FB in two distinct bundles, dorsal and ventral®' (sche-
matics shown in Figure 3C). Single CLIn clonal analysis revealed
that most vFB neurons are derived from the DL1 NSC (number of
cell bodies = 7) (Figure 3D; Video S1), and a few are derived from
DMs (number of cell bodies = 2, data not shown). Next, we per-
formed genetic birth-dating by inducing flip-out events via tem-
poral heat shock at different developmental time points in larvae:
0, 24, 48, and 72 h ALH. This genetic birth-dating revealed that
most type-ll-derived vFB neurons are generated between 48
and 72 h ALH (Figures 3E-3I), an interval spanning the early-to-
late gene expression switch at 60 h ALH in all type Il NSCs.”®
The number of cell bodies counted in each sample varies; this
could be due to variations in multiple flip-out events in the
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Figure 2. Lineage analysis of olfactory navigation circuit components

(A) Schematic showing 8 type Il NSCs per larval brain lobe (blue) DM1-6 and DL1-2, among other NSCs (type 0 and type I) in red. Central brain (CB), ventral nerve
cord (VNC), optic lobe (OL).

(B) Genetic scheme for type Il lineage analysis using type-ll-specific flip-out. Ase-GAL8O0 active in type | NSCs leaves Wor-GAL4 active only in type Il NSCs.
Flippase downstream of a UAS sequence is activated in a type-II-specific manner and removes the STOP sequence between two FRT sites. This causes
expression of reporter GFP in class-specific manner when crossed to a class-specific LexA driver line.

(C-F) Confocal images showing neuron types expressing reporter GFP in a type-ll-dependent manner.

(G) Genetic scheme for type Il lineage filtering using the CLIn technique. A type-ll-specific promoter fragment (stg-14) combined with KD recombinase removes a
STOP sequence by a flip event and leaves Cre recombinase active in type Il NSCs. Cre generates type Il NSC clones positive for LexA::p65. GAL80 is active in the
rest of the cells, and GAL4 expresses GFP as a reporter in class-specific manner. We did not stain for mCherry here.

(H and I) Confocal images showing neuron types expressing reporter GFP in a type-ll-dependent manner. nc82 stain in magenta counterstains the brain, a stack
of 2 slices was taken for visualizing the neuropil with nc82. GFP reporter is shown in green. Cell bodies are indicated by yellow arrows. The genotypes are shown at
the top, and the abbreviated genotypes for neuron class are shown at the left. Scale bars correspond to 30 pm.

See also Figure S1, Table 1, and Video S1.
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Figure 3. Birth-dating vFB long-field tangential input neurons using cell class lineage intersection system
(A) Schematics describing the genetics of the CLIn system combined with a heat shock promoter for genetic birth dating: type-Il-specific stg promoter fragment
combined with KD recombinase removes a STOP sequence by a flip event, and an intact Flippase is reconstituted. This, combined with a heat-sensitive

(legend continued on next page)
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genetic technique. Combining our clonal analysis and genetic
birth-dating assays, we conclude that vFB input neuron types
are born from mid-aged DL1 NSCs. To confirm this result, we
used an intersectional genetic strategy. From an independent
screen, we identified that 17A12-GAL4 selectively labels DL1
and DL2 type Il NSCs during development (Figures S1D and
S1E). We used this line to express Flippase and excise an inter-
vening STOP cassette from LexAop-FRT-STOP-FRT-GFP only
in DL1 and DL2 NSCs. We combined these transgenes with
VT029515-LexA to label vFB tangential input neurons. Upon
expression of Flippase by 17A12-GAL4, we observed 4-8 vFB
neurons labeled (n = 14 hemibrains) (Figures 3J and 3K). Varia-
tion in the number of neurons labeled might arise from variability
in Flippase expression, and some vFB subtypes being derived
from DM type Il NSCs. These findings support our hypothesis
that most vFB neuron types are born from mid-aged DL1 type
I NSCs, whereas some are derived from other type || NSCs.

Imp regulates the specification of odor-encoding vFB
tangential input neurons

Early type Il NSCs express the transcription factors Chinmo,
Castor, Seven-up, and the conserved RBPs, Imp and Lin-28. To
test our hypothesis that an early NSC factor regulates the fate of
vFB neurons, we focused on a conserved RBP, IGF-IlmRNA-bind-
ing protein, Imp.2? We asked if Imp expression during develop-
ment determines the number and morphology of vFB neurons.
We expressed either UAS-ImpRNAIi (2 copies) or UAS-Imp in
type Il NSCs throughout development using pointed-GAL4 that la-
bels alltype IINSCs and assayed animals at adult stages. We com-
bined this manipulation with a LexA-based GFP reporter to
examine the number and morphology of VvFB neurons
(VT029515-LexA). We found that Imp manipulations profoundly
affected the specification of vFB neurons. In control animals, we
counted about 6-7 cell bodies per hemisphere (Figures 4A, 4A/,
and 4H). These neurons were completely absent in type
Il > ImpRNAi flies (Figures 4B, 4B', and 4H). To test if Imp is suffi-
cient for generating vFB neurons, we ectopically expressed Imp
in type Il NSCs, pointed-GAL4 > UAS-Imp. In these animals, Imp
is now expressed in young as well as late type || NSCs.?* We
observed an ~3-fold increase in the number of vFB cell bodies
with Imp overexpression. These ectopic neurons formed part of
the same axon bundle and similarly innervated the ventral layer
of the FB (Figures 4C, 4C/, and 4H). To determine whether the
ectopic and endogenous vFB neurons have the same identity,

Current Biology

we stained for a neuropeptide Tachykinin (TK), known to be ex-
pressed in the ventral layers of the FB.2* We observed that the
VvFB arborization in the ventral layers of the FB colocalizes with
TK immunofluorescence (Figure 4A”). Interestingly, TK expression
was lost in the ventral layers upon Imp KD, suggesting an essential
role of Imp in specifying neurons with TK neuropeptide identity
(Figure 4B"). In contrast, Imp gain of function increased TK staining
inthe ventral layers, which co-localized with the innervations of the
ectopic vFB neurons (Figure 4C”). To confirm that vFB neurons ex-
press TK, we drove Flippase with TK-GAL4 and used vFB-
LexA > LexAop-FRT-STOP-FRT-GFP to express GFP only in
VvFB neurons that also express TK-GAL4. We observed 1-3 GFP-
positive neurons per hemibrain (n = 6), indicating that VT029515
are, indeed, TK positive (Figures 4D-4D"). Together, these results
suggest that ectopic vFB neurons are morphologically and molec-
ularly similar to normal vFB neurons, and Imp likely regulates TK
neuropeptide expression in the FB (Figures 4A"-4C").

Next, we used 17A12-GAL4 to KD Imp specifically in DL1/DL2
type Il NSCs, and, as expected, we observed a significant
decrease in VFB neuron number (Figures 4E, 4E’, and 4l). These
results suggest that Imp is required in type I NSCs to specify the
majority of the DL1-derived vFB neurons. Some vFB neurons
that survive could be due to weak expression of 17A12-GAL4
and/or the surviving neurons are derived from DM type I
NSCs. KD of the late NSC factor Syp did not affect vFB neuron
numbers (Figures S2A-S2C). Knocking down Imp using a single
ImpRNAI transgene resulted in a complete loss of vFB neurons
(Figures S2D-S2F), confirming the essential role of Imp in the
proper development of vFB tangential input neurons.

We observed that vFB neurons continue to express low levels
of Imp in adulthood (Figures 4F-4F"). This led us to ask if Imp is
required post mitotically in these cells to maintain their identity.
To address this question, we knocked down Imp post mitotically
in these neurons using VT029515-GAL4. We observed a
decrease in cell body number in Imp KD compared with control,
and Imp is undetectable in the small number of surviving neurons
(Figures 4G-4G” and 4J). We conclude that Imp is also required
post mitotically to maintain the identity of vFB neurons.

Distinct roles of Imp in regulating ventral and dorsal
circuit elements

We next asked whether Imp also specifies other essential neuron
types of olfactory navigation circuitry. Using a similar strategy to
the one described above, we knocked down or overexpressed

promoter, removes the STOP sequence and leaves Cre recombinase active in type Il NSCs in a heat-shock-dependent manner. Cre, in turn, generates type Il
NSC clones positive for LexA::p65. GALS8O0 is active in the rest of the cells, and GAL4 expresses GFP as a reporter in a class-specific manner, whereas mCherry
downstream of LexAop sequence is expressed as a reporter in a lineage-specific manner.

(B) Schematics representing heat shock given at different time points (ALH, after larval hatching), yellow arrow indicates heat shock, and GFP expression window
is shown in green.

(C) Schematics showing the map of the progeny of the DL1 clone populating dorsal and ventral layers of the FB® in the adult brain.

(D) Adult brain sample of 0 h ALH DL1 clone of CLIn crossed to VT029515 GAL4 labeling vFB neurons, nc82 counterstains the brain, a stack of 2 slices was taken
for visualizing the neuropil with nc82. dsRed in cyan labels the DL1 progeny, GFP in green labels vFB neurons.

(E-H) Adult brain samples of 0, 24, 48, and 72 h ALH clones, GFP in green labels vFB neurons.

(I) Quantification of number of cell bodies counted per hemibrain at indicated time points (n = data points indicated on the graph).

(J) 17A12-GALA4 flipped VFB neurons, nc82 counterstains the brain, a stack of 2 slices was taken for visualizing the neuropil with nc82. GFP in green labels vFB
neurons.

(K) Quantification of the number of cell bodies per hemibrain flipped by 17A12-GAL4. The genotypes are shown at the top, and the abbreviated genotypes for
neuron class are shown at the left. Scale bars correspond to 30 pm.

See also Figure S1 and Videos S1 and S3.
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neurons labeled by reporter GFP in control (A), Imp knockdown (B), and Imp overexpression (C), nc82 counterstains the brain, and GFP is shown in green.

(legend continued on next page)
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Imp during development using pointed-GAL4, a broad driver for
type Il NSCs, and assayed effects on each circuit element using
LexA drivers and a GFP reporter in adult brains. Interestingly,
we found that Imp KD in type Il NSCs caused a loss of wind-sen-
sitive columnar neurons known as ventral P-FNs (here labeled by
30E10-LexA). However, unlike vFB neurons, the number of cell
bodies did not change upon Imp overexpression (Figures 5A-5C).

Because both dFB and vFB tangential input neurons respond
to odor,*® next, we wanted to know whether Imp regulates the
fate of both dorsal and ventral tangential inputs. We first focused
on dFB odor input neurons, which are 6-8 in number per hemi-
brain and project strongly to the dorsal layers and weakly to
the ventral layers of the FB. We found that both Imp KD and over-
expression decreased the number of tangential inputs labeled by
65C03-LexA (Figures 5D-5F). In Imp KD flies, we observed only a
single projection layer. Moving to the FB5AB input neurons, we
found that 21D07-LexA labels 4-6 neurons projecting to dFB
per brain. We observed 2—4 cell bodies in Imp KD flies. This could
be a decrease in dFB odor input neurons or loss of another sub-
population labeled by this LexA line. In Imp KD flies, the neurites
of these neurons had severely impaired morphology. Imp over-
expression did not alter the number of FB5AB tangential inputs,
and the morphology was unaffected as well (Figures 5G-5I). The
number of local hAC/K neurons labeled by VT062617-LexA did
not change upon Imp KD or overexpression (Figures 5J-5L).
However, the morphology of hAC/K neurons was altered in
Imp KD. We observed that Imp KD caused axonal projections
of hAC/K to span multiple FB layers, and the division of dendrites
and axons into ventral and dorsal layers was lost (Figure 5K).
Together, these data suggest that Imp expression manipulations
during development have the most potent effects on neurons
innervating the ventral layers of the FB, including both tangential
inputs (vFB) and columnar inputs (ventral P-FNs). Manipulating
Imp expression had distinct effects on each neuron type, sug-
gesting that Imp plays multiple roles and acts via multiple mech-
anisms to regulate cell fate and morphology. These defects sug-
gest that neurons still present in Imp loss of function may have
altered connectivity.

Imp regulates CX neuropil morphology and
neuropeptide distribution

Our previous results show that Imp loss of function influences the
morphology of the neurite projections for many of the elements
within a CX olfactory navigation circuit. To test if the adult CX
is more broadly altered by Imp KD in type Il NSCs, we compared
neuropil (nc82) stains in KD and control flies. We found that Imp
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KD results in severely defective CX morphology. The PB is frag-
mented, the EB is only partially formed, the NO is almost entirely
absent, and the FB is smaller, with no clear demarcation of layers
(Figures 5Q-5T'; Videos S2 and S3). This phenotype is consis-
tent in all pointed-GAL4 > ImpRNAi flies in Figures 4 and 5 (n =
22). The FB phenotype is reminiscent of cortical layer deforma-
tions observed in Imp1 knockout mice.?> KD of Imp in DL1/
DL2 type Il NSC only using 17A12-GAL4 does not alter CX
morphology and architecture (Figure S3).

Next, we wanted to examine the role of Imp in more broadly
defining the neuropeptide distribution of FB layers. Previously,
we described the expression pattern of the neuropeptide TK in
the CX (Figure 4). We then examined the expression of short neu-
ropeptide F (sNPF), which is reported to be strongly expressed in
vFB layers 1-2 and dFB layers 6-7.2* InImp KD flies, SNPF appears
to be reduced in the dorsal layers (Figures 5U and 5U’). Together,
these results suggest that both the overall morphology of distinct
neuropils and neuropeptide distribution of the CX are dependent
on Imp expression in type Il NSCs during development.

Imp is required in type Il NSCs for upwind orientation
during olfactory navigation behavior

Given the profound effects of type-Il-specific Imp expression on
olfactory navigation circuitry, we sought to understand the
impact of Imp on adult olfactory navigation behavior. We used
pointed-GAL4 to KD Imp in type Il NSCs, as in our anatomical ex-
periments, using two copies of ImpRNAi. We then measured
behavioral responses to a 10-s pulse of attractive odor (1% ap-
ple cider vinegar) using a previously described wind tunnel
paradigm.*?

Knocking down Imp in all type Il NSCs significantly impaired
olfactory navigation behavior. In control flies (pointed-
GAL4 > mCherryRNAI), odor evoked an increase in upwind ve-
locity, an increase in groundspeed, and a decrease in angular ve-
locity, whereas odor loss evoked an increase in turning
(Figures 6A and 6C), as observed previously.*” Odor also
increased the probability of movement, and this effect outlasted
the stimulus by tens of seconds. In Imp KD flies (Figures 6B and
6C), upwind velocity, ground speed, and angular velocity re-
sponses to odor were dramatically reduced. However, an
odor-evoked increase in the probability of movement was still
observed, arguing that the olfactory system is still functional
and can influence motor behavior. To better understand these
behavioral deficits, we decomposed upwind velocity during
odor into two components: upwind orientation and ground
speed. Upwind orientation was strikingly decreased in Imp KD

(A”-C") vFB neuron arbors shown by GFP expression in green, neuropeptide TK staining shown in cyan colocalizing with GFP for control (A”), Imp knockdown,
expression observed in dorsal layers of FB (B”) and Imp overexpression, TK expressed in thick bundle colocalizing with GFP expression (C”).
(D) vFB neurons labeled with GFP via conditional expression of GFP using TK-GAL4, nc82 counterstains the brain. Zoomed in view of vFB cell bodies, GFP in

green (D'), and TK expression in magenta (D”), (n = 6).

(E and E') Effects of DL1/2-specific knockdown of Imp on vFB neurons. vFB neurons labeled by reporter GFP are shown in green in control (E) and Imp knockdown

(17A12-GAL4 > ImpRNAi; ImpRNAI) (E'), nc82 counterstains the brain.

(F-G”) Effects of post-mitotic knockdown of Imp on vFB neurons. vFB neurons labeled by reporter GFP are shown in green, Imp expression is shown in magenta
in control (F-F”) and Imp knockdown (vT029515-GAL4 > ImpRNAi; ImpRNAi) (G-G"). For (F)-(F") and (G')~(G"), the scale bar corresponds to 15 um.

(H-J) Quantification of the number of cell bodies per hemibrain for type-Il-specific knockdown (H), DL1 specific knockdown (I), and post-mitotic knockdown (J).
n = data points indicated on the graphs (Student’s t test). Asterisks denote levels of significant differences *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.The
abbreviated genotypes are shown at the left and top, respectively. Scale bars correspond to 30 um (unless stated otherwise). The dashed outline shows FB in (A)-

(C") and cell bodies in (D')-(D"), (F"), and (G").
See also Figures S1-S4 and Table 1.
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Figure 5. Imp regulates specification and morphology of other neural types in the olfactory navigation circuit
(A-C) Ventral P-FN neurons labeled by reporter GFP shown in control (A), Imp knockdown (pointed-GAL4 > ImpRNAi; ImpRNAI) (B), and Imp overexpression
(pointed-GAL4 > UAS-Imp) (C).

(legend continued on next page)
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flies (Figure 6D). In contrast, the distribution of groundspeeds
during odor (for moving flies) was not substantially different for
Imp KD flies versus controls (Figure 6E). The trajectories of Imp
KD flies also showed pronounced zig-zagging (Figure 6B) high-
lighted by a greater average angular velocity (Figure 6C) and a
greater probability of making large amplitude turns (Figure 6F).
This suggests that, in the absence of Imp, flies make more larger
turns and have difficulty maintaining a stable heading.

Because Imp KD in type Il NSCs has broad effects on CX
morphology (Figures 5Q-5T"), we next performed a series of
control experiments to determine the specificity of behavioral
deficits. We first asked whether we could also see behavioral
deficits when knocking down Imp only in the DL1/DL2 type I
NSCs. This manipulation decreases the number of vFB neurons
(Figures 4E and 4E’) while leaving overall CX morphology intact
(Figure S3). This manipulation also reduced both upwind orienta-
tion and average groundspeed during odor (Figures 6G and 6H),
suggesting that a narrower manipulation also impacts olfactory
behavior. We also asked if we could see behavioral deficits
when knocking down a different late-expressed RBP, Syp, which
regulates Imp expression in type Il NSCs. KD of Syp in type Il
NSCs was previously shown to produce similar anatomical phe-
notypes to Imp overexpression’*; however, we found that it did
not affect vFB neuron number (Figures S2A-S2C). KD of Syp
produced no change in upwind velocity in response to 1%
ACV but produced an increase in upwind velocity in response
to 10% ACV (Figure 6J), consistent with the idea that Imp and
Syp produce opposing anatomical effects.”* Finally, we
repeated our experiments using a single ImpRNAI transgene,
which also results in a complete loss of vFB neurons
(Figures S2D-S2F) and using a higher concentration of odor
(10% versus 1% apple cider vinegar). In both cases, we
observed similar effects of Imp KD on behavior (Figure 6J). We
saw no change in upwind velocity modulation in parental strains
(pointed-GAL4 or ImpRNAI) crossed to wild type.

To further determine whether the behavioral phenotypes we
observed arise from CX deficits, we examined the effects of
Imp KD on elements of olfactory navigation circuitry up- and
downstream of the CX. We examined three neuron types that
have previously been implicated in olfactory navigation or loco-
motion. Lateral horn output neurons (LH-ONs) known as
LHAD1b2% and mushroom body output neurons (MBONS)
known as MBON-12%" both respond to odor and drive strong up-
wind movement.*® Descending neurons (DNs) known as DNp09
are known to drive changes in forward velocity and turning when
activated.®® Knocking down Imp in type Il NSCs had no effect on
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any of these neuron types. The neuron number and morphology
of LH-ONs labeled by 55C09-LexA, MBONs labeled by 25D01-
LexA, and DNs labeled by 38F04-LexA were unaltered (Fig-
ure S4; Table 1). nc82 stains also show that MB morphology is
normal in type Il > ImpRNAi flies (Videos S2 and S3). Although
not fully conclusive, these data support the idea that the behav-
ioral phenotype we observe arises majorly from CX deficits.

DISCUSSION

During development, NSCs generate diverse neuron types that
assembile into distinct neural circuits enabling complex behav-
iors. Extensive work in genetic model systems has provided an
overview of conserved temporal programs that govern the for-
mation of diverse neuronal cell types.®>58%°" Although much
is now known about the stem cell-specific molecular cues that
determine cell type identity, understanding how these molecular
cues shape the expression of complex behaviors is still in its in-
fancy.?"°* The insect CX provides an ideal model for dissecting
the relationship between developmental processes and behav-
ioral complexity. The majority of Drosophila CX neurons are
derived from a few type Il NSCs, which follow a division program
similar to that of cortical progenitors.®®°%62~%° The CX has been
implicated in a number of behaviors that include olfactory navi-
gation,*® menotaxis,”>*° sleep®*>? and path integration in
Drosophila,®>°" and species-specific behaviors, such as long-
distance migration, in monarch butterflies,”® and allocentric
dispersion in dung beetles.?® For these reasons, the insect CX
provides an ideal model for dissecting the relationship between
developmental processes and behavioral complexity.

Lineage-specific developmental plan of the CX neuron
types

Lineage-based architecture plays an essential role in generating
complex brain structures and circuits. In the mammalian cere-
bral cortex, lineage is known to regulate neuron connectivity,
where excitatory neurons originating from the same progenitors
process related information and connect with each other, and
inhibitory neurons are also known to organize in a lineage-
dependent manner.'%%"°" In the Drosophila larval ventral nerve
cord (VNC), different lineages were reported to assemble with
the sequential addition of temporal cohorts where circuit output
neurons are born before circuit input neurons.'®? In the CX, local
and columnar neurons primarily arise from the DM lineages
(DM1-4), whereas long-field tangential input neurons arise
from a variety of lineages.®*® One prominent cluster primarily

(D-F) dFB (65C03) neurons labeled by reporter GFP shown in control (D), Imp knockdown (pointed-GAL4 > ImpRNAi; ImpRNAI) with defective morphology of the

neurites in FB (E), and Imp overexpression (pointed-GAL4 > UAS-Imp) (F).

(G-1) FB5AB input neurons labeled by reporter GFP in control (G), Imp knockdown (pointed-GAL4 > ImpRNAi; ImpRNAI) with defective morphology of the neurites

in FB (H), and Imp overexpression (pointed-GAL4 > UAS-Imp) (1).

(J-L) hAC/K neurons labeled by reporter GFP in control (J), neurites arborize multiple layers of FB with no clear demarcation in Imp knockdown (pointed-
GAL4 > ImpRNAi; ImpRNAI) (K) and Imp overexpression (pointed-GAL4 > UAS-Imp) (L). GFP is shown in green, the abbreviated genotypes are shown at left and

top. Scale bars correspond to 30 um.

(M-P) Quantification of number of cell bodies. Abbreviated neuron names are indicated at the top. n = data points indicated on the graphs (Student’s t test).
Asterisks denote levels of significant differences: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

(Q-U') The four neuropils of the CX: PB, NO, FB, and EB in control flies (Q-T), and Imp knockdown resulting in defective morphology of the CX neuropils (Q'-T').
nc82 stains the neuropils of the brain, all outlined using dashed lines, (n = 22). (U and U’) sNPF stains shown in cyan in control distributed in dorsal and ventral
layers of FB distinctly (U), and Imp knockdown shows impaired distribution (U’). Scale bars correspond to 30 um.

See also Figures S2 and S4 and Videos S2 and S3.
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Figure 6. Imp regulates the upwind orientation during olfactory navigation

(A) Representative walking trajectories of three different control flies (pointed-GAL4 > UASmCherryRNAI) presented with a 10 s odor pulse (1% ACV, magenta)
centered in a 70 s trial with 10 cm/s wind. Flies demonstrate upwind movement during odor and local search after odor offset. Wind direction indicated.

(B) Representative walking trajectories of three different Imp knockdown flies (pointed-GAL4 > UAS-ImpRNAi; UAS-ImpRNAI) in the same wind and odor
conditions as (A). Trajectories reveal lack of upwind movement during odor and increased turning behavior throughout the entirety of trial.

(legend continued on next page)
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arises from the DL type Il lineage (DL1) and generates neurons
that fasciculate in two distinct bundles, one innervating the dor-
sal and the other ventral layers of the FB. However, many other
type | lineages also generate long-field tangential inputs,
including AOTU, LALv1, and SIPp1.5":°

Here, we show that the major components of a previously
described olfactory navigation circuit in the CX are all derived
from type I NSCs (Figure 2). Although many odor-encoding input
neurons (vFB) are born from DL1 NSCs, a few are derived from
other DMs (Figure 3). Our clonal analysis revealed that, although
tangential input neurons look morphologically similar, they can
be derived from different lineages. Based on our genetic birth-
dating results, we found that the neurons that innervate the
ventral layers and provide odor input to the navigation circuits
are born between 48 and 72 h ALH (Figure 3). Our findings align
with birth-dating studies on the entire DL1 lineage, which re-
vealed that the ventral projecting neurons are born before 72 h
ALH and that the dorsal projecting neurons are born throughout
larval development.”* Our studies indicate that components of a
functional circuit associated with a behavior in CX are derived
from multiple lineages and assembled over time. It will be
intriguing to investigate whether other elements of the circuit
are born at the same or different times. Whether other insects
share a similar lineage-based circuit architecture and assembly
will be interesting to pursue.

Role of Imp in specifying an olfactory navigation circuit

Imp has previously been shown to be important in neuronal
development and specification. In mice, loss of Imp leads to de-
formities in the posterior brain, neuroepithelial orientation de-
fects, and cellular packing deficiency with poorly defined bar-
riers between cortical layers/zones,®® similar to the overall
defective morphology and lamination defects we observe in
the CX. Temporal gradients of two RBPs, Imp and Syp, have
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been shown to determine neural identity in the insect mushroom
body, antennal lobe, and CX.”*'%® In mushroom body neuro-
blasts, high Imp/low Syp levels early in development promote
the specification of early-born y Kenyon cells, whereas low
Imp/high Syp levels late in development promote the specifica-
tion of late-born o/ Kenyon cells. In mushroom body neuro-
blasts, Imp was shown to regulate fate of neuronal subtypes
partly via regulating the translation of transcription factor
Chinmo, %3719 suggesting that Imp governs fate by regulating
the expression of other temporal transcription factors. In the
antennal lobe, high Imp/low Syp leads to an increased number
of late-born neurons from the antennal lobe antero-dorsal 1
(ALad1) lineage at the expense of early-born ones.’® In the
type Il lineages, DM1 and DL1 Imp/Syp levels control the number
of several cell types.”* However, the effects of these RBPs on
multiple components of a functional circuit have not been previ-
ously characterized.

Here, focusing on an olfactory navigation circuit within the CX,
we found the strongest effects of Imp on neurons targeting the
vFB—ventral tangential inputs and ventral P-FNs. Curiously,
Imp levels had distinct effects on each circuit element. In some
cases (such as vFB neurons), KD of Imp caused a reduction in
neuron number, whereas overexpression caused an increase
in neuronal number (Figure 4), supporting existing models that
Imp expression promotes the specification of neurons normally
born in a particular temporal window.”*"'% However, for other
neurons, we observed diverse effects of KD and overexpression
(Figure 5). These observations suggest that precise levels of Imp
are required to specify the correct number of these neurons, and
Imp might be acting differently in type Il NSCs and in combina-
tion with other NSC factors or INP factors to give rise to different
cell types. Imp may play multiple roles and act via different mo-
lecular mechanisms in the NSCs to specify distinct neuron types
from distinct lineages. We further show that the expression of

(C) Comparison of movement parameters between control (black, n = 86 flies) and Imp knockdown flies (red, n = 61 flies) calculated as an average across flies
(mean + SEM; see STAR Methods). Pink-shaded area: 10-s odor stimulation period (1% ACV). In the presence of odor, Imp knockdown flies show decreased
upwind velocity comparable to control flies. Increased turning behavior noted in (B) can be observed quantitatively through the increased angular velocity
throughout the duration of trials.

(D) Heading distribution during odor for both control (black) and Imp knockdown (red) flies (wind direction indicated above). Imp knockdown flies exhibit
decreased upwind orientation.

(E) Histogram showing ground speed distributions during odor for both control (black) and Imp knockdown (red). Distributions appear similar, suggesting that
general movement is not impaired by Imp knockdown.

(F) Histogram showing angular velocity distributions for both control (black) and Imp knockdown flies (red) during odor. Imp knockdown flies favor larger angular
velocities, even in the presence of an attractive stimulus.

(G) Heading distribution during odor for both control (black) and knockdown of Imp (red) in DL1/2 type Il NSCs (wind direction indicated by above arrow).

(H) Histogram showing ground speed distribution during odor for both control (black) and Imp knockdown (red) flies. Imp knockdown flies tend toward lower
ground speeds than control counterparts.

(l) Histogram showing angular velocity distribution during odor for both control (black) and Imp knockdown (red) flies. Widening of distribution indicates that Imp
knockdown flies favor larger angular velocities.

(J) Change in upwind velocity and ground speed, calculated as the difference in the mean value during the first 5 s of odor and the 5 s preceding odor, across
various control and experimental genotypes. Knockdown of Imp results in significant decreases in upwind velocity change when compared with respective
controls, across multiple odor strengths and driver lines (pointed-GAL4 > mCherryRNAi compared with pointed > double ImpRNAi p = 5.906 x 10~"", pointed-
GAL4 > mCherryRNAi compared with pointed-GAL4 > ImpRNAI(lll) p = 1.14768 x 10~°, pointed-GAL4 > mCherryRNAi (1:10 AVC) compared with pointed-
GAL4 > double ImpRNAI (10:1) p = 1.2293 x 104, DL1 > mCherry compared with DL1 > double ImpRNAi p = 9.922 x 10~%). Knockdown of late transcription
factor Syncrip (Syp) results in a significant increase in upwind velocity when using a higher odor concentration (1:10 ACV, pointed-GAL4 > mCherryRNAI
compared with pointed-GAL4 > SypRNAIi [10:1] p = 0.0042). Knockdown of Imp using a single copy of the RNAi results in a significant decrease in ground speed
(pointed-GAL4 > mCherryRNAi compared with pointed-GAL4 > ImpRNAi [Ill] p = 0.0015), as does knockdown in DL1/DL2 type Il NSCs (17A12-GAL4 > ImpRNA:i;
ImpRNAI, two-sample t test; p = 2.2281 x 10~7). Upregulation of Imp results in increased ground speed but no change to upwind velocity (pointed-
GAL4 > mCherryRNAi compared with pointed-GAL4 > UAS-Imp p = 7.7113 x 10~%). All comparisons were completed using an unpaired t test with Bonferroni
correction for multiple comparisons.

See also Figures 4, S1, and S2.
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Imp post mitotically in vFB neurons maintains their identity (Fig-
ure 4G). Moreover, we find that manipulating Imp levels in type Il
NSCs affects the morphology of CX neuropils and distributions
of neuropeptides TK and sNPF, throughout the FB (Figures 4
and 5). These studies provide the first insights into the relation-
ship between developmental timing and establishing neuropep-
tidergic identity in CX.

An open question is how Imp regulates neural fate and the
function of multiple circuit elements at the molecular level.
Imp was previously shown to regulate fate specification by
regulating the translation of transcription factor Chinmo.%%~%°
Previous studies have shown that Chinmo is persistently ex-
pressed in type Il NSCs that are mutant for Syp and thus main-
tain high Imp expression throughout development, and this
manipulation resulted in the formation of extra early-born
neuron types.”>’* This suggests the underlying mechanism to
be the regulation of the expression of other transcription fac-
tors. However, we cannot rule out the possibility of Imp regu-
lating cell fate directly. RBPs are known to play essential roles
in regulating temporal gene expression by affecting the stability
and translation of mMRNA."%® In the VNC motor neuron lineage,
LinA/15, Imp, and Syp regulate axon-muscle connectivity by
regulating various transcription factors post-transcription-
ally."°® Previous work has also shown a role for Imp in the timing
of NSC quiescence and proliferation.®*:'” Because many other
neural cell types that arise from type Il NSCs are not affected
upon Imp KD, we conclude that the phenotypes we observe
are less likely to be associated with quiescence or cell prolifer-
ation. RBPs can regulate gene expression by creating liquid
phase separation granules. Imp has intrinsically disordered do-
mains and is known to promote phase separation in mushroom
body neurons.®® Whether Imp makes phase-separated gran-
ules in type Il NSCs and if that has a role in fate specification
is not known. Future studies will elaborate on the different mo-
lecular mechanisms underlying the effect of Imp on multiple cir-
cuit elements.

Developmental dissection of CX-mediated behavior

In this study, we showed that KD of the early-expressed RBP Imp
in type Il NSC lineages largely abolishes upwind orientation in
response to odor. We also observed a weaker phenotype
when we knocked down Imp, specifically in DL1/DL2 type Il
NSCs, arguing that tangential inputs to the CX have a specific
role in generating this behavior (Figure 6). We did not observe
any behavioral deficit with Syp KD in type Il NSCs, although
this manipulation has previously been shown to significantly
impact neuronal specification in the CX.”* Our control experi-
ments suggest that these behavioral deficits are most likely
due to alterations to CX structure. However, we cannot be sure
that they arise from the changes in circuit structure that we
have characterized here, and we cannot rule out a role for
type-Ill-derived neurons outside the CX in the more severe
phenotype. Current approaches to CX circuit dissection in fruit
flies have emphasized the use of highly specific GAL4 and
Split-GAL4 lines, which target specific subsets of neurons.'%%'"°
Silencing of highly specific CX lines often produces subtle phe-
notypes. For example, silencing of compass neurons eliminates
menotaxis (orientation to a visual stimulus at an angular offset)
but not visual fixation per se,?>'"" whereas silencing of hAC/K
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neurons impairs the persistence of upwind tracking behavior
during odor but not the initial upwind turn.*®> Here, we have
shown that developmental manipulation of small groups of
stem cells can produce a more striking phenotype, providing a
complementary approach to dissecting neural circuits with high-
ly specific driver lines. Future experiments manipulating other
temporally expressed transcription factors or intersecting their
manipulation with the temporal transcription factor code in
INPs should allow us to make more precise manipulations of
CX development.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Antibody, Polyclonal Aves Lab Cat#GFP-1010;
RRID:AB_2307313

Mouse anti-Brp (nc82) Antibody, Monoclonal DSHB Cat#AB_2314866;
RRID:AB_2314866

Rabbit anti-DsRed Antibody, Polyclonal TaKaRa Cat#632496;
RRID:AB_10013483

Rabbit anti-Tachykinin Antibody Jan Veenstra Lab N/A

Rabbit anti-sNPF Antibody Jan Veenstra Lab N/A

Donkey Anti-Chicken IgY Antibody (Alexa Fluor 488)

Donkey Anti-Mouse IgG Antibody (Alexa Fluor 647)

Goat Anti-Rabbit IgG (H+L) Antibody (Alexa Fluor 555)

Normal Donkey Serum

Normal Goat Serum

Jackson ImmunoResearch

Jackson ImmunoResearch

Invitrogen

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#703-545-155;
RRID:AB_2340375
Cat#715-605-151;
RRID:AB_2340863
Cat#A-21429;

RRID:AB_2535850
Cat#017-000-121;
RRID:AB_2337258
Cat#005-000-121;
RRID:AB_2336990

Chemicals, peptides, and recombinant proteins

Schneider’s Insect medium Sigma-Aldrich Cat#S0146

16% Paraformaldehyde (PFA) Electron Microscopy Sciences Cat#15710

TritonX-100 Sigma-Aldrich Cat#T8787

DPX mounting medium Sigma-Aldrich Cat#06522

Deposited data

Raw and analyzed data This study https://osf.io/nsrf8/

Experimental models: Organisms/strains

VT029515-LexA Nagel Lab N/A

R21D07-LexA BDSC RRID:BDSC_
54637

R12D12-LexA BDSC RRID:BDSC_
52446

VT062617-LexA Nagel Lab N/A

15E12-GAL4 BDSC RRID:BDSC_
48608

65C03-GAL4 BDSC RRID:BDSC_41290

VT029515-GAL4 VDRC N/A

17A12-GAL4 BDSC RRID:BDSC_45815

w [1118]; P{y[+t7.7] w[+mC]=R9D11- BDSC RRID:BDSC_35847

CD4-tdTom}attP2/TM6B, Tb[1]

VT062617-GAL4 VDRC N/A

Pointed-GAL4 (Chromosome 3) Yuh-Nung Jan N/A

LexAopmCD8GFP (Chromosome 3) BDSC RRID:BDSC_
32207

Wor-GAL4, Ase-GAL80 (Chromosome 2) Chris Doe Lab N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UAS-FLP-PEST (Chromosome X) BDSC RRID:BDSC_
55807

UAS-FLP-D5 (Chromosome 2) Rubin Lab, JRC N/A

mCherry RNAi (Chromosome 3) BDSC RRID:BDSC_
35785

LexAop-FRT-STOP-FRT-GFP (Chromosome 3) BDSC RRID:BDSC_
57588

UAS-FLP-PEST; Wor-GAL4, Ase-GALS80; Syed Lab N/A

LexAop-FRT-stop-FRT-GFP

dpn>KDRT-stop-KDRT>Cre:PEST; Tzumin Lee Lab N/A

actin LoxP-GALB80-stop-LoxP/LexA::P65,

LexAop-rCD2::RFP-p10-spacer-UAS-

mCD8::GFP-p10; stg14-KD

Hs-ATG>KOT>FLP, dpn>FRT-stop-FRT>Cre:PEST; Tzumin Lee Lab N/A

actin"LoxP-GAL80-stopLoxP/~LexA::P65,

LexAop-rCD2::RFP-p10-spacer-UAS-mCD8::GFP-

p10; stg14-KD

VT029515-LexA; Pointed-GAL4, LexAopGFP This study N/A

30E10-LexA; Pointed-GAL4, LexAopGFP This study N/A

65C03-LexA; Pointed-GAL4, LexAopGFP This study N/A

21D07-LexA, LexAopmCherryHA; Pointed-GAL4 This study N/A

VT062617-LexA; Pointed-GAL4, LexAopGFP This study N/A

UAS-ImpRNAI; UAS-ImpRNAi (Chromosome 2 and 3) Syed Lab RRID:BDSC_38219 and

Pin/CyO; UAS-Imp
W1 118
UAS-ImpRNAi (Chromosome 3)

UAS-SyncripRNAI

Tzumin Lee Lab
BDSC
BDSC
BDSC

RRID:BDSC_34977
N/A

5905
RRID:BDSC_34977
RRID:BDSC_56972

Software and Algorithms

Imajed

Adobe lllustrator
Adobe Photoshop
Prism 9

Zotero

NI LabVIEW
MATLAB 2021b

Open source
Adobe Systems
Adobe Systems
GraphPad
Open source

National Instruments

MATLAB

2.9.0/1.53t

(v27.2)

(v24.1.1)

(v9.5.1)

(v6.0.26)

Version 17.0
9.11.0.1769968 (R2021b)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mubarak

Hussain Syed (flyguy@unm.edu).

Materials availability

This study did not generate new unique reagents. Requests of fly stocks should be directed to and will be fulfilled by the lead contact,

Mubarak Hussain Syed (flyguy@unm.edu).

Data and code availability

All data generated in this study has been made publicly available at https://osf.io/nsrf8/.

This paper does not report original code.
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Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For all experiments, we used Drosophila melanogaster. All the fly stocks were maintained at 25°C on standard cornmeal-agar me-
dium and a 12h light-dark cycle. The RNAi and overexpression experimental crosses were raised at 29°C. Adult flies dissected were
3-7 days old. For behavioral experiments, female flies were collected at least 1 day after eclosion and then placed in vials that were
situated in custom-made cardboard boxes at room temperature, with a 12-hour light-dark cycle, for at least two days to acclimate to
ambient temperature and ensure correct circadian rhythm for the experimental time of day. All experiments were conducted within 4
hours after the flies’ apparent “dawn” (ZT0-ZT4). The flies were then starved for 24 hr in an empty transparent polystyrene vial that
contained a Kimwipe that was soaked in distilled water to humidify the air. By the day of the behavioral experiments, the flies had an
average age of 3 to 7 days. Flies were anesthetized over ice for approximately 1 minute before being loaded into wind tunnels and
allowed at least 5 minutes to recover before starting the first trial. The exact genotypes for each figure panel are listed in the table
below. Parental strains and RRIDs are listed in the key resources table.

METHOD DETAILS

Immunostaining

Adult fly brains were dissected in Schneider’s Insect medium (Sigma-Aldrich), and then fixed at room temperature for 23 min in 4%
paraformaldehyde (EMS) in PBT buffer. 10X PBS buffer stock contained NaCl: 1.37 M, KCI: 27 mM, Na,HPO,4: 100 mM, KH,POy:
18 mM with a pH of 7.4. Working 1X PBT had an addition of 0.5% TritonX-100 (Sigma-Aldrich). Fixing was followed by washing at
room temperature in PBT to remove PFA. The samples were blocked at room temperature for 40 min in PBT containing 2.5% normal
goat serum (Jackson ImmunoResearch) and 2.5% normal donkey serum (Jackson ImmunoResearch). Adult brains were then incu-
bated for 48hr at 4°C in the primary antibody solution. Primary antibody staining was followed by washing in PBS-T and then the adult
brains were incubated for 2hr at room temperature in the secondary antibody solution. The brains were then washed in PBT. The
primary and secondary antibody solutions were prepared in the blocking solution (prep described above).

Following the antibody staining, brains were mounted on the Poly-lysine-coated cover slips, serially dehydrated in alcohol with
concentrations 30%, 50%, 75%, 95% and 3 rounds of 100% to replace PBT. The brains were then cleared in Xylene with 3 rounds
of 5 min each and then mounted in DPX mounting medium, dibutyl phthalate in xylene (Sigma-Aldrich #06522). The samples were
allowed to set in DPX for 3 days before imaging.

Microscopy

Images were acquired using a Zeiss LSM780 and LSM980 confocal microscope, analyzed using Imaged, and processed using ImageJ
and Photoshop. Cell body numbers were calculated manually using a cell counter in Imaged, and the statistical analysis and graphs
were made using GraphPad Prism. Two-tailed student t-tests were used to compare control with loss of function and gain of function
respectively for cell body numbers. Asterisks denote levels of significant differences *p<0.05; **p<0.01; **p<0.001; ***p<0.0001.

Birth-dating using Cell class lineage intersection system

Males from neuron class specific GAL4 lines were mated to females from the CLIn line.®' Egg collection was done for 3 to 4 hr in-
tervals on apple juice containing agar plates. Hatched larvae (0-3 hr old) were manually collected and raised in standard fly food
at 25°C. Heat shock was applied to the hatched larvae for 12-15 min for lineage analysis and 40 min for birth-dating at the time point
0 hr, 24 hr, 48 hr and 72 hr ALH. F1 adult flies of age 3-7 days were dissected.

Behavioral Apparatus

All behavioral experiments were performed in miniature wind tunnels.* Flies were constrained to walk in a shallow acrylic arena with
a constant laminar wind at 10 cm/second. The wind tunnels were backlit using IR LEDS (850 nm, Environmental Lights) and move-
ment was recorded using a camera placed below the chamber (Basler acA1920-155um). A 10 s pulse of odor (either 1% or 10% apple
cider vinegar) was presented through Lee valves connected to the wind tunnel with polyethylene tubing. Within each 70 s trial, flies
experienced 30 s of clean wind, 10 s of odor with wind, and then 30 s of clean wind again. All stimuli were controlled through a NIDAQ
board. There are roughly 5 seconds between the end of one trial and the start of the next. Position (x,y) and orientation data were
computed and collected in real time using a double-thresholding algorithm as described previously using NI LabVIEW).

QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of Behavioral Data

All analysis was completed using MATLAB (Mathworks, Natick, MA). Calculation of trajectory and basic movement parameters seen
in Figure 6. A-C (ground speed, orientation, etc.) were completed using analysis code described in Alvarez-Salvado et al.*
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Orientation histograms

To compute orientation histograms, we pooled trials across all flies, and separated orientation data from the period before odor pre-
sentation, the period during the 10 seconds of odor, and the period following odor offset. We binned orientation data from the first 5
seconds of each of these periods into 36 bins of width 10 degrees. Error bars were created using jackknife resampling across flies
and represent standard error calculated as:

g

Vvn
where ¢ is standard deviation and n is the number of samples. The resultant data, in polar coordinates, was then converted to Car-
tesian coordinates for ease of plotting and creation of error bars.

SE =

Histograms of ground speed and angular velocity

To compute groundspeed and angular velocity histograms, we again pooled data across flies. We binned values of ground speed and
angular velocity into bins of width Tmm/s and 50 deg/s respectively (Figures 6E, 6F, 6H, and 6l) Histograms of both parameters were
normalized to probability. Error bars represent standard error and were created using jackknife resampling with bias correction
across all flies. Angular velocity of stationary flies (ground speed< 1mm/s) were excluded from analysis.

Summary plots of change in forward velocity and ground speed

Iterating through all trials for a single fly, we calculated the difference between the mean upwind velocity in the first 5 seconds of odor
presentation and the mean upwind velocity in the 5 seconds preceding odor presentation. We then calculated the mean change in
upwind velocity between these two periods for a single fly by averaging across all trials. For data representation, we then calculated
the mean value across all flies, as well as the standard error. Significance was calculated using the mean value of each fly as a data
point in an unpaired t test with Bonferroni correction for multiple comparisons using the equations:

‘o X7 — Xo B \/(m — 1)s2+(ny — 1)s3

— S

117" ny+ny — 2
Spy/—+—

ny N2

where X7 and Xz are sample means, ni1and n, are sample sizes, s, is the population variance, and s and s, are the sample variances.
The same logic was used for calculating change in ground speed and performing statistical testing (Figure 6J). Significance is marked
with asterisks in the figure and the associated p-values can be found below.

Upwind Velocity

Comparison p-Value
Pointed-GAL4>UAS-mCherryRNAi compared to Pointed-GAL4>UAS- p = 5.906x107-11
ImpRNAI;ImpRNAI

Pointed-GAL4>UAS-mCherryRNAi compared to Pointed-GAL4>UAS- p =1.1476x10"-9
ImpRNAI (1)

Pointed-GAL4>UAS-mCherryRNAi (1:10) compared to Pointed- p = 1.2293x10/-4
GAL4>ImpRNAi;ImpRNAi (1:10)

Pointed-GAL4>UAS-mCherryRNAI (1:10) compared to Pointed- p = 0.0042
GAL4>UAS- SypRNAI(1:10)

DL1-GAL4>UAS-mCherryRNAi compared to DL1-GAL4>UAS- p = 9.922x10/-6

ImpRNAi;ImpRNAi

Ground Speed

Comparison p-Value
Pointed-GAL4>UAS-mCherryRNAi compared to Pointed-GAL4>UAS- p=0.0015
ImpRNAI (111)

Pointed-GAL4>UAS-mCherryRNAi compared to Pointed-GAL4>UAS-Imp p=7.7113x10"-4
DL1-GAL4>UAS-mCherryRNAi compared to DL1-GAL4>UAS- p =2.2281x10/7-7

ImpRNAI;ImpRNAI
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Fly cross

Figure Panel

UAS-FLP-PEST; Wor-GAL4, Ase-GAL80; LexAop-FRT-stop-FRT-GFP crossed
to VT029515-LexA

UAS-FLP-PEST; Wor-GAL4, Ase-GAL80; LexAop-FRT-stop-FRT-GFP crossed
to VT062617-LexA

UAS-FLP-PEST; Wor-GAL4, Ase-GAL80; LexAop-FRT-stop-FRT-GFP crossed
to R21D07-LexA

UAS-FLP-PEST; Wor-GAL4, Ase-GAL80; LexAop-FRT-stop-FRT-GFP crossed
to R12D12-LexA

dpn>KDRT-stop-KDRT>Cre:PEST; actin?LoxP-GAL80-stop-LoxPALexA::P65,
LexAop-rCD2::RFP-p10-spacer-UAS-mCD8::GFP-p10; stg14-KD crossed to
65C03-GAL4

dpn>KDRT-stop-KDRT>Cre:PEST,; actin LoxP-GAL80-stop-LoxP/ALexA::P65,
LexAop-rCD2::RFP-p10-spacer-UAS-mCD8::GFP-p10; stg14-KD crossed to
15E12-GAL4

Hs-ATG>KOT>FLP, dpn>FRT-stop-FRT>Cre:PEST; actin"LoxP-GAL80-
stopLoxP~LexA::P65, LexAop-rCD2::RFP-p10-spacer-UAS-mCD8::GFP-p10;
stg14-KD crossed to VT029515-GAL4

UAS-FLP; 17A12-GAL4 crossed to VT029515-LexA; LexAop-FRT-stop-
FRT-GFP

VT029515-LexA; Pointed -GAL4, LexAopGFP

VT029515-LexA; Pointed -GAL4, LexAopGFP crossed to UAS-ImpRNAI;
UAS-ImpRNAI

VT029515-LexA; Pointed-GAL4, LexAopGFP crossed to Pin/CyO; UAS-Imp
UAS-FLP; TK-GAL4 crossed to VT029515-LexA; LexAop-FRT-stop-FRT-GFP
VT029515-LexA; 17A12-GAL4, LexAopGFP

VT029515-LexA; 17A12-GAL4, LexAopGFP crossed to UAS-ImpRNAj;
UAS-ImpRNAI

UAS-GFP; VT029515-GAL4

UAS-GFP; VT029515-GAL4 crossed to
UAS-ImpRNAI; UAS-ImpRNAI
30E10-LexA; Pointed-GAL4, LexAopGFP

30E10-LexA; Pointed-GAL4, LexAopGFP crossed to UAS-ImpRNAi;
UAS-ImpRNAI

30E10-LexA; Pointed -GAL4, LexAopGFP crossed to Pin/CyO; UAS-Imp
65C03-LexA; Pointed-GAL4, LexAopGFP

65C03-LexA; Pointed-GAL4, LexAopGFP crossed to UAS-ImpRNAi;
UAS-ImpRNAi

65C03-LexA; Pointed-GAL4, LexAopGFP crossed to Pin/CyO; UAS-Imp
21D07-LexA, LexAopmCherryHA; Pointed -GAL4

21D07-LexA, LexAopmCherryHA; Pointed GAL4 crossed to UAS-ImpRNAI;
UAS-ImpRNAI

21D07-LexA, LexAopmCherryHA; Pointed-GAL4 crossed to Pin/CyO; UAS-Imp
VT062617-LexA; Pointed-GAL4, LexAopGFP

VT062617-LexA; Pointed-GAL4, LexAopGFP crossed to UAS-ImpRNAI;
UAS-ImpRNAI

VT062617-LexA; Pointed -GAL4, LexAopGFP crossed to Pin/CyO; UAS-Imp
VT029515-LexA; Pointed-GAL4, LexAopGFP

VT029515-LexA; Pointed-GAL4, LexAopGFP crossed to UAS-ImpRNAi;
UAS-ImpRNAI

Pointed-GAL4/UAS-mCherryRNAI
UAS-ImpRNAi/+; Pointed-GAL4/UAS-ImpRNAi
17A12-GAL4/UAS-mCherryRNAI
UAS-ImpRNAi/+; 17A12-GAL4/UAS-ImpRNAi

Figure 2C
Figure 2D
Figure 2E
Figure 2F

Figure 2H

Figure 2I

Figures 3D-3H

Figure 3J

Figures 4A-4A"
Figures 4B-4B"

Figures 4C-4C”
Figures 4D-4D"
Figure 4E
Figure 4F’

Figures 4F-4F"
Figures 4G-4G"

Figure 5A
Figure 5B

Figure 5C
Figure 5D
Figure 5E

Figure 5F
Figure 5G
Figure 5H

Figure 51
Figure 5J
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